Analytic expressions for the angular distributions of the b-quarks associated with single t-quark production in pp → W * → tb → bbW and of the leptons from the subsequent decay W → lν are obtained in the laboratory system. CP violation in the t-production vertex is assumed. Different angular and total cross section CP violating asymmetries are considered. Relations testing CP violation solely in the t-decay vertex are also obtained.
Introduction
The experiments at the Tevatron pp collider offer the possibility of thoroughly studying the properties of the top quark. In particular, in top physics the Standard Model (SM) gives negligible CP violating effects [1] due to the GIM mechanism. Looking for CP violation in top quark production and/or decays is therefore one of the best ways to probe New Physics. In extensions of the SM as, for instance, in two Higgs doublet models or in supersymmetric (SUSY) models, CP violating phases appear rather naturally. They can then cause CP violating effects in processes with top quarks at one-loop level.
In this paper we study CP violating asymmetries in tb andtb production in pp collisions, induced by CP violating form factors in the tbW vertex. More precisely, we consider the two CP conjugate processes pp → W + → tb and pp → W − → bt (1) followed by the decays t → bW + → bl + ν l ,t →bW − →bl −ν l . The possibility of testing CP violation in pp → tb → W + bb was already considered in [2, 3] and in more details in a review on this subject in [4] . In this article we present additional CP violating asymmetries. We define two types of asymmetries: (i) with b quarks and (ii) with leptons in the final states. For the asymmetries with b quarks we assume that the b's from production can be distinguished from those from t decays. This is justified by the requirement that the whole event be reconstructed in order to identify events of single t production. We thus define separate asymmetries for b quarks from production, from decay, and from both production and decay. The asymmetries with leptons are in general easier to observe. However, the cross section is smaller by the branching ratio W → lν, which is roughly 1/3 if all leptons l = e, µ, τ are counted.
For both b quarks and leptons, we consider asymmetries in the total number of b andb (l + and l − ) and asymmetries in their angular distributions (forward-backward asymmetries). We assume CP violation only in the production vertex and not in the decay of the t quark: CP violation in the decay would mean that in addition to CP violating phases there are also new decay modes of the top quark, which -according to the present experimental limits-does not seem to be the case.
The paper is organized as follows: In Section 2 we briefly give our notation. In Section 3
we define the CP violating asymmetries for b quarks from production, namely total cross section asymmetries and forward-backward asymmetries. In Section 4 we derive the formulae for the asymmetries for b quarks and leptons from the t decay. We again consider total cross section asymmetries and forward-backward asymmetries. The forward-backward asymmetry for b quarks from both production and decay is given in Section 5. In Section 6 we give a numerical analysis and discussion of the resulting asymmetries in the framework of the Minimal Supersymmetric Standard Model (MSSM) with complex parameters. The necessary formulae for the form factors, mass matrices, and couplings in the MSSM are given in the Appendices.
Notation
The quark subprocesses which we consider for single t andt production are
The matrix elements including CP violation read (m b = 0):
with has no physical meaning and cannot enter measurable quantities, as there is no CP violation at tree-level.
b quarks from production
In the centre-of-mass system (CMS) of u andd orū and d, with the z axis pointing along the momentum p u or p d , the angular distributions of the b andb quarks in the subprocesses (2) and (3) are:
Here
and
s stands for
The polar angle cos θ in the laboratory frame -the CMS of p andp -is related to the angle cos θ * in the CMS of the initial quarks by:
where v is the velocity of the laboratory system in the CMS of the quarks, v = (
Here cos θ stands for cos θ b or cos θb, and x 1 and x 2 are the fractions of the longitudinal momenta of the quarks. The angular distribution of the b andb quarks in the laboratory system thus is
. We hence obtain:
Taking into account the two possibilities x 1 = x u , x 2 = x d and x 1 = x d , x 2 = x u , and using the parton distribution functions of the protons we get in the laboratory system:
3.1 Total cross section asymmetries for b from production For the total cross sections of (2) and (3) we obtain:
where
and α w = g 2 /4π. In (25) and (26) the upper sign stands forσ b and the lower one forσb. The CP violating asymmetry for the total number of b andb quarks from the production processes (1) is thus given by
From (22), (23) and (25) we obtain:
This asymmetry was already obtained and discussed in [3] .
Forward-backward asymmetries for b from production
We next define two CP violating forward-backward asymmetries for the production process:
Here (σ 1 ) b F (B) are the number of b quarks from production in the forward (backward) direction. Note that in single t production, contrary to tt pair production, we have |A
|. This is due to the fact that CP violation leads to a difference in the total cross sections of b andb production. In terms of form factors we obtain:
(33)
Secondary b quarks and leptons
Let us now turn to the b quarks and leptons which originate from the t decays:
Following [5, 6] in the narrow width approximation (Γ t ≪ m t ) we obtain in the CMS of ud:
and analogously for the decay oft. In (35), dσ
t is the distribution of the t quarks in (2):
and E * t is the energy of the decaying t.
is the angular distribution of the secondary particle x (x = b, l + ) in this frame with t polarized, normalized to the partial decay width Γ(t → x). The branching ratio Br(t → xX) stands for Br(t → bW
If β * t is the velocity of t in the CMS of ud we have [7] :
where α x determines the sensitivity of the particle x = b, l to the polarization of the t quark:
ξ is the polarization four-vector of t, which is determined by the production process (2), and cos θ * tx is the angle between the momenta p t and p x :
The treatment of the t polarization four-vector and the general formula for the differential cross section, in the CMS of (ud), in terms of the SM-and CP-violating components of ξ, needed to derive the angular distribution dσ 
Angular distribution of the decay products
Integrating (95) over d cos θ * t and dφ *
x we obtain the angular cos θ * x distribution of the decay products x = b, l + in the CMS of ud:
For the CP conserving part we obtain:
For the CP violating part we have:
The coefficient B is:
Relations (50) and (56) ensure that the polarization of the t does not contribute to the total number of b quarks from t decay. The angular distribution in the laboratory system is obtained from (41) by the Lorentz boost (19):
with
The angular distribution of the decay products fromt decay is obtained from (59) by CP conjugation.
Total cross section asymmetries for the decay products
Analogously to (28) we define a total cross section asymmetry R tot 2 (x) for the secondary particles x:
This asymmetry was suggested previously in [3] .
We obtain:
As there is no dependence on the t polarization, (61) implies that the total cross section asymmetries for secondary b quarks and leptons are equal in magnitude:
It is a consequence of CP invariance in the decay W → lν.
Eq. (61) also implies that
Eq. (63) is not valid in general. As already pointed out in [3] R tot 2 (x) receives contributions from both the production and decay vertices. Eq. (63) holds only if there is no CP violation in the t decay vertex. In this article we assume that this is the case: CP violation in the decay of the top quark would mean that in addition to the CP violating phases there are new channels for the t decay, which seems to be ruled out by the present experimental limits. Testing (63) would be a model independent test for CP violation in the t-decay vertex.
Note, moreover, that in the case of CP invariance in the t decay measuring the difference between the total number of b andb quarks from both production and decay would give zero.
This will be discussed in Sect. 5. In order to measure CP violation through the total cross section asymmetries R tot 1,2 (b) it is necessary to distinguish b quarks from production from those from decays. Another possibility is to measure the lepton asymmetry R tot 2 (l).
Forward-backward asymmetries for the secondary products
For the secondary products x we can again define two forward-backward asymmetries in the laboratory frame:
From (41) and (42) we obtain:
The factor D(ŝ) is
Note that R F B 1,2 are polarization asymmetries, i.e. they measure different combinations of the CP violating contributions to the t quark polarization. This can also be seen from the explicit expressions for k 1,2 and l 1,2 . As a consequence, the forward-backward asymmetries for the b quarks are different from those for the leptons. Note, moreover, that the contribution from t polarization enters only through the term b 1 which is linear in cos θ x , which ensures that polarization does not contribute to the total cross section.
b quark forward-backward asymmetry for the sum of the cross sections
An asymmetry that seems most convenient what concerns statistics is the forward-backward asymmetry for the total number of b andb quarks from both production and decay:
We have:
In the above formula we have used the fact that in the SM the total numbers of b quarks from production and decay are the same:
Explicitly, in terms of CP violating form factors, we obtain:
As we assume CP invariance in t decay we have σ b = σb for the total cross sections for b(b) from production and decay. A non zero value of
would thus be a signal for CP violation in the t decay vertex only. This asymmetry was suggested previously. We are thus left with only one forward-backward asymmetry A F B when all b andb quarks from single t-quark production are counted.
Numerical results and discussion within the MSSM
In this Section we present numerical results for the discussed asymmetries in the framework of the Minimal Supersymmetric Standard Model (MSSM) with CP violating phases. In the MSSM one has the gaugino mass parameters M 1 = M ′ , M 2 = M, M 3 = mg corresponding to the groups U(1), SU(2), SU (3), where mg is the gluino mass. We assume the GUT relations:
with a common phase of M i which can be taken zero. The only complex parameters relevant for our discussion thus are: the Higgsino mass parameter µ = |µ| e iφµ and the SUSY breaking trilinear couplings of the stops and sbottoms, A t = |A t | e iφt and A b = |A b | e iφ b . As we work in the limit of m b = 0 the phase φ b does not play any role. The phase of µ is strongly constrained by the upper bounds of the electric dipole moments of the electron and neutron. φ µ must be small except the SUSY masses are large (> 1 TeV) [8] or there are strong cancellations between the different contributions [9] . We therefore take φ µ = 0. After this the only relevant phase we are left with for the considered CP violating asymmetries is the phase φ t .
At one-loop level, the reactions ub → tb, dū → bt receive radiative corrections from triangle and box graphs with charginosχ + i , neutralinosχ 0 j , squarksq i (i = 1, 2; j = 1...4), and gluinos g in the loops. The analytic expressions for the form factors due to these diagrams have been worked out in [3] . Following [3] , in the limit φ µ → 0, m u,d → 0, only the graphs with (χ +χ0t ) and (tbg) loops, see Fig. 1 , contribute to CP violation (the contribution from the box diagrams is negligible). We thus base our numerical analysis on these two contributions. Our formulae for the form factors agree with those in [3] and are given in Appendix B.
We now want to analyze the influence of a possibly large phase of A t on the CP violating asymmetries defined in the previous Sections. For this purpose we choose three scenarios . Note, however, that the masses in our scenarii are just at the borderline of the experimentally allowed values [11] . If the mass spectrum becomes heavier the CP violating asymmetries quickly decrease. The asymmetries also decrease with increasing tan β.
The total cross section asymmetries R tot 1 and R tot 2 seem to be the most promising asymmetries -they reach up to ∼ 0.07%, and are the simplest to be measured. Our results are an order of magnitude smaller then the estimates obtained in [3] .
A general result for the two types of forward-backward asymmetries is that
and A
F B 2 (R F B
2 ) in some cases can be ∼ 2 − 3 times bigger than A
). Another general feature is that the forward-backward asymmetries for the decay products R F B 1(2) are almost equal for b-quarks and leptons:
The forward-backward asymmetry A F B for the sum of b quarks from both production and decay is extremely small ∼ 0.02%.
Conclusions
We have studied the process of single t-quark production in pp collisions. Assuming CP violation in the t-production vertex we have defined different angular and total-cross-section asymmetries as measurable quantities. General analytic expressions for these asymmetries in terms of the corresponding CP violating form factors are obtained. Relations sensitive to CP violation in the t-decay vertex are defined. We want to emphasize that the formulae are valid independently of the origin of CP violation.
We have performed a numerical analysis within the MSSM with complex phases. In accordance with the constraints from the measurements of the electric dipole moments of the electron and the neutron we have only kept the influence of the phase of At. The effects turn out to be rather small. The discussed asymmetries are of the order 10 −3 -10 −4 and they decrease as the mass spectrum and tan β increase. Nevertheless, it would be worthwhile to look for CP violation in top physics as it would imply physics beyond the Standard Model.
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A Differential cross section for the t decay
A.1 The t polarization four-vector
Let us write the amplitude of the process (2) in the form:
The polarization four-vector ξ α of the t quarks is determined by
In the most general form the covariant decomposition of ξ α reads
are two four-vectors in the production plane orthogonal to p t , and ε(α, p u , pd, p t ) is a four-vector orthogonal to p t and to the production plane. Using the notation
and the usual Mandelstam variableŝ
we obtain in the CMS of ud:
A.2 General formula for the differential cross section
From (35), (37) and (88) we obtain the general formula for the differential cross section for the production of the t quarks and their subsequent decay in the CMS of ud:
where we have used the notation
( n u n t n x ) denotes the triple product
with n u the unit vector pointing in the direction of p u , etc.
B The CP violating form factors in the MSSM B.1 Chargino-neutralino-stop loop
The CP violating form factors from thet nχ
Here we use the notationm
The C X are the standard three-point functions [12] for which we follow the conventions of [13] . In this case,
The couplings O i are
with lt nj , O L,R kj , at * nk , and bt * nk given in Appendix C.
B.2 Gluino-stop-sbottom loop
Thegt nbm loop gives:
With the explicit expression for the stop mixing matrix we have, see Appendix C
C Masses, Mixing Matrices, and Couplings
The neutralino mass matrix in the basis of
is:
Here tan β = v 2 /v 1 . This matrix is diagonalized by the unitary neutralino mixing matrix N: The chargino mass matrix is:
It is diagonalized by the two unitary matrices U and V : . We have:
ϕt cos θt −e 
The interaction Lagrangian which we need is:
The chargino-stop-bottom couplings are:
The neutralino-stop-top couplings are:
bt nk = ht Lk Γt Ln + ft Rk Γt Rn ,
ht Lk = −h t N * k4
in the basis Ψ 
